For plant species in which a single cross pollination yields one or few seed and self pollination is easier, the families of the rather demanding triple test cross design can be replaced by their progeny families produced by selfing. The theoretical consequences of making this substitution on the sensitivity of the tests for epistasis and on the reliability of the estimates of the additive and dominance components of variation in the presence and absence of epistasis are described for F2 and F populations. The practical consequences are illustrated by comparative analyses of normal families of a triple test cross and their selfs for the F population using a population of 80 F15 families produced from a cross between varieties 1 and 5 of Nicotiana rustica.
nance components of variation in the presence and absence of epistasis are described for F2 and F populations. The practical consequences are illustrated by comparative analyses of normal families of a triple test cross and their selfs for the F population using a population of 80 F15 families produced from a cross between varieties 1 and 5 of Nicotiana rustica.
Both in theory and in practice the additive genetic component D is detected and estimated with similar reliabilities from the normal families of a triple test cross and their selfs. On the other hand, the dominance component H is detected and estimated with much lower reliability from the selfs and in the presence of epistasis the estimate is more biased. The sensitivity of the standard test for epistasis is also lower for selfs but for an F population this is partially offset by the additional test for epistasis involving the means of the F families (Pt) themselves.
In the comparative analyses family size and replications for the normal families and their selfs have been kept the same to make direct comparisons possible. In normal circumstances, however, one would not devote the time and effort required to produce the selfs unless as a result larger families and more replicates could be raised. Depending on the magnitude of the resulting increase in the number of plants raised the loss of reliability in the estimate of H and of sensitivity in the test for epistasis would be partly or wholly restored.
INTRODUCTION
THE triple test cross breeding programme (TTC) which is an extension of the NCM III design of Comstock and Robinson (1952) proposed by Kearsey and Jinks (1968) , is the best design currently available for detecting the presence of non-allelic interaction and estimating the additive and dominance effects with equal efficiency when epistasis is absent. It can be applied to any population regardless of its gene and genotypic frequencies or its degree of inbreeding (Jinks, Perkins and Breese, 1969; Perkins and Jinks, 1970; Jinks and Perkins, 1970) . The crossing programme however is relatively demanding and it could be particularly laborious when the material under investigation produces only one or few seeds per cross pollination.
This could constrain the experimental size and therefore decrease the reliability of the results. In such circumstances Kearsey and Jinks (1968) suggested using progeny families produced by self-pollinating the individual crosses instead of the crosses themselves.
In this paper we compare the analysis of the normal families of a triple test cross with one in which these families are replaced by their selfed progenies. The theoretical expectations of corresponding items in the two analyses are presented for an F2 and an F population. Applications of the latter are illustrated by an experimental investigation of 80 families of the F13 generation of a cross between varieties 1 and 5 of .J"ficotiana rustica raised in 1977.
THEORY
Following Kearsey and Jinks (1968) individuals from the L11 (crosses with P1), L21 (crosses with P2) and L31 (crosses with their F1) families of a triple test cross can be self-pollinated to produce progeny families that may replace them in the analysis. If however L11, L21 and L31 are segregating, as they will be for example in a triple test cross of an F2, a random sample of individuals in the L11, L21 and L31 families will have to be self-pollinated to satisfactorily replace them. In fact only the L11 and L21 sets of a triple test cross on a sample of pure breeding families such as F families, will not be segregating and can therefore be replaced by a progeny family produced by self-pollinating a single plant of the L11 and L21 families. L31 families will always be segregating. Where, however, the population under test is a collection of pure breeding lines, L31 families may be replaced by the selfs of these lines themselves (P1) in the analysis (Jinks, Perkins and Breese, 1969 ).
We will refer to the families produced by self-pollinating L11, L21, L31 and P1 families as L11, L231, L391 and P1 respectively and denote their corresponding means by L131, L281, L381 and P1.
If each of the L11, L21 and L31 families is replaced by the corresponding L131, L281 and L31 families the analysis of the data will follow the same pattern as that of a normal triple test cross and only the genetical expectations of the components of variance will differ. One can also however raise simultaneously any combination of the original and the selfed test cross families providing that sufficient seed is available.
(i) Test of epistasis Where L11, L21 and L31 are replaced by L131, L281 and L381 the standard test for epistasis still applies. The variance component of (L131 + L231 - 2L331) comparison provides an overall test of epistasis for n degrees of freedom. This can still be partitioned into one degree of freedom for the correction factor, to provide a test of additive x additive interaction, the [iJ component, and the corrected mean squares for (ii-1) degrees of freedom which detect the presence of additive x dominance (Ej1) and dominance x dominance (El1) epistasis together with some of their cross products. Where the original and selfed families are raised simultaneously epistasis may additionally be detected by the (L11+L21-2L331) and (L181+L281-2L31) comparisons as mean squares for (n -1) degrees of freedom (table 1) .
All of these tests are equally valid for any kind of population but their (1969) , is expected to include all the three types of epistatic effects in its expectation (which are subject to internal cancellations depending upon the direction of jk' JJk, JkJ and 1jk effects of any pair of loci). The significance of each of these mean squares can be tested against an appropriate error mean square which for a completely randomised design is obtained by adding the pooled within variances (adjusted for the fact that the analysis is based on family means) of sets of families involved in the comparison premultiplied by the square of their coefficients (Kearsey and Jinks, 1968) . In a normal analysis of variance, however, any orthogonal comparison contributes only 1/ k2 of its variance to the total variation (Snedecor and Cochran, 1967) and this is the fraction of the mean square 
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* The asterisked co-products are likely to change sign with the type of epistasis present while components within square brackets ([ ) are affected by the gene association.
(due to that comparison) which is generally tested for its significance against the pooled error. Genetical expectations of the tests of epistasis referred to above for the special cases of F2 and F populations have therefore been tabulated in table I in the form of these fractions. For example the epistatic variance of comparison (L1 + L2 -2L3) is given as a 1/6th of its total variance because /c2 = 6 in this case.
(ii) Additive and dominance components
In the absence of epistasis we can simply substitute L18 for L1, etc. in the standard comparison for estimating the additive and dominance corn- +tjk TTjk +JJk In the presence of epistasis these estimates will be biased and the level and magnitude of these biases may differ from those incurred by the corresponding estimates from the normal triple test cross families. The expectations of c(LlRj + L28), a2(L1j + L281 + L38) and c2(L581 -L28) components have therefore been derived for genes which show digenic interactions.
These are given in tables 2 and 3 (table 2 for additive and table 3 for dominance components) in the form of their o values for F2 and F inbred populations. The corresponding expectations for (L1, + L2), (L1 + L2 + L3) and (L1 -L2) are also given for comparison. These together with the expectations for (L1 + L21 -2L3) and (L21 + L21 -P1) comparisons have already been published by Pooni and Jinks (1976, 1979) and Pooni, Jinks and Jayasekara (1978) . The results of these tests are presented in the form of an analysis of variance consisting of two items, the mean square between the sets for 79 degrees of freedom which is tested for significance as a X79) against the other item, the mean square based on the variation within families. The standard test for epistasis provides a third item, the correction factor for (L11 + L2 -2L31) for one degree of freedom, which is used to test the significance of the [i] component (Jinks and Perkins, 1970 
P>0-05
Independently of the triple test cross analyses, the V1, V5, L1, L2, L3, L18, L28 and F13 generations which make up the experiment together provide a powerful test for the presence of non-allelic interactions. Using weighted least squares procedures we can fit models to the eight means which will estimate and test the significance of the components of the model and simultaneously test the adequacy of the model itself. In the presence of nonallelic interactions a model which excludes them will be inadequate while estimates of their contributions when an adequate model is fitted will be significant.
The generation means and their standard errors for the five characters are given in table 5. In the absence of linkage between interacting genes the expected means of the L1, L2, L3, L58 and L28 generations are identical with those of the B1, B2, F2, B18 and B2, families, respectively, of a cross between a pair of pure breeding lines Perkins 1969, Jinks 1978) . The theoretical expectations of each of the generations for a model which allows for the additive, dominance and digenic rion-allelic interactions effects of the genes are given in the lower half of table 5.
A model which excluded non-allelic interactions was inadequate for all characters except final height where the X) testing the goodness of fit I -
had a borderline probability of six per cent. (ii) Additive and dominance effects
The mean squares for detecting and estimating the additive D and dominance H components of variation from orthogonal comparisons (L131 + L2,) and (L13 -L) between the means of the L181 and L2 families are presented in table 7 and the estimates of D and H derived from them are presented in table 8. The corresponding mean squares and estimates from the conventional L11 and L2 families of a triple test cross are also given in the same tables. Additionally, are included two comparisons which detect and estimate D only, one (L1+L2+L31) being the most widely used source of D in triple test cross analysis and the other a direct estimate from comparing the means of the P (in this case F13) families. For each comparison the mean square between sets for 79 degrees of freedom is tested for significance as a X9) against the mean square based on the variation within the families included in the comparison. All the mean squares are on the basis of family means.
Because of the significant non-allelic interactions the estimates of D and H are not only biased (tables 2 and 3) but the magnitude of the bias is expected to differ depending on the comparison from which they were estimated.
Whether or not the estimates of D and of H from the different sources differ significantly can be tested by standard maximum likelihood model simultaneously. Since, however, the estimates from the TTC families and from the progeny families produced by selfing them are attempts to estimate the genetic variation expected between Fm family means the most appropriate comparisons are between the three estimates from these sources and that of the P. (F13) families. These along with the X1) for the single comparison of the two sources of estimates of H are given in table 9. Table 1 shows that the tests for epistasis based on selfed (L10 + L29 -2L38) and normal triple test cross (L1 + L2 -2L3) families involve identical components of epistasis. They differ however in the smaller coefficients for the additive x dominance (j) and dominance x dominance (1) components and their cross products in the comparison based on the selfs. Consequently the latter test will be less efficient in detectingj and I types of interaction but both tests will be equally efficient in detecting additive x additive components in the form of [i] . The comparison based on the selfs will however be subject to a larger error variance because of the release of genetical variability following selfing.
The tests which combine triple test cross families and their selfs (table 1(c)) differ from those based on one kind of family only (table 1(a) and (b)) in that they do not provide an independent test for {iJ interaction or indeed include in their expectations any additive x additive (i) components at all. On the other hand, they contain additional cross product terms involving additive x dominance interaction and have larger coefficients for some of the other components than the corresponding expectation for (L18 + L28 -2L35). Consequently the efficiency of the combined tests for epistasis is largely dependent upon the magnitude of additive x dominance interaction and the direction and magnitude of their cross products. Of the two combined tests, however, (L1 + L21 -2L38) is likely to be more efficient because it has larger coefficients for both the additive x dominance and dominance x dominance components.
The additional tests (L13 + L28 -P1) and (L11 + L21 -P1) which are applicable to F populations only (table 1) are likely to be the most sensitive of all in most circumstances. This is partly because of the relatively larger contributions that the epistatic components make to their expectations and partly because the contribution of the additive x additive interaction is a sum of squares EIjk whereas in the other expectations it is the square of the net directional component of the means [i]2.
Of these two additional tests (L131 + L231 -P1) has the smaller coefficients for all of the epistatic components except the additive x additive interaction and the larger error variance because of the release of genetical variability following selfing. It will therefore be less efficient than (L1 + L21 -P1) particularly when j and I type interactions are relatively large.
The results in table 4 support these conclusions in respect of F populations. The greater X79) values for (L331 + L291 -P) and (L11 + L21 -P1)
show that they detect epistasis more efficiently than the other tests. On the same criterion (L11 + L21 -P1) is the more sensitive for all characters. This is partly due to its smaller error variance for characters H2, H3 and HFT, and entirely due to this cause for the other two characters FT and FH. For H2, H3 and HFT, therefore, a high level ofj and 1 types of interactions must be partly responsible.
Of the other two tests (L181 + L231 -2L31) seems to be the more sensitive in detecting j and I types of interaction for all characters except HFT, where its larger error variance makes it less sensitive. For these data, therefore, the standard triple test cross test for epistasis (L1 + L21 -2L31) is the least sensitive although it detects significant epistasis for all characters except FH. However, it is the only test which separates i from j and I types of interaction and shows unambiguously that the former is significant for FT only while the latter are significant for all except FH. Taken together these tests provide strong evidence forj type interactions.
The larger X79) values observed for the (L131 + L23 -2L3) test relative to the (L1 + L2 -2L31) test are expected only when ZJjk is large and significant and the individual j contributions are predominantly of the -same sign. The greater sensitivity of the (L11 + L2 -P1) test relative to the (L131 + -P) test is also consistent with a large contribution from j type interactions. And, of course, the model fitting to the generation means (table 6) shows highly significant net directional [jJ components for H2, H3 and FT. There are no indications that I type interactions are contributing to the significances in table 4, and the model fitting to generation means, which because of the small coefficients (table 5) provides a relatively weak test for these interactions, fails to detect their presence (table 6) .
While in the absence of j type interactions i type interactions are the most likely cause of the difference in the X9) values between the tests for epistasis based on P, and those based on L31, where, as in these data, there is a large contribution from j type interactions this conclusion cannot be drawn with any confidence (tables 1 and 4). In these circumstances we can rely only on the one unambiguous test for i type interactions provided by the correction term of (L1 + L21 -2L3) for one degree of freedom which detects [i] interactions for FT only (table 4) . In contrast the model fitting to the generation means detects significant {i] interactions for all characters except FH.
(ii) Additive and dominance effects
The genetical expectations in table 2 show that in the absence of epistasis the additive genetic component D should be detected and estimated with the same efficiency from normal triple test cross families and from their progeny families produced by selfing. Because of the smaller coefficient the dominance component H will be detected and estimated from the latter families much less efficiently than from the normal triple test cross families (table 3) .
In the presence of epistasis the expected magnitudes of the estimates may be substantially different between the different sources of estimates. The estimates of D from all sources are equally affected by i type interactions but the estimates from the normal triple test cross families will be more affected by j type interactions than the estimates from their selfs. In contrast, the two sources of estimates of H will be equally affected by j type interactions but the estimates from the normal families will be less affected by i and more by I interactions than those from their selfs. It is extremely unlikely, however, because of their very small coefficients that the 1 type interaction will have any effect in practice.
The estimates of D in table 8 confirm these theoretical expectations.
Because of the presence of j type interactions the estimates from the normal triple test cross families are all inflated relative to those from their selfs except for FH where the evidence for these interactions is weakest (tables 4 and 6). In only two characters, H2 and H3, has this inflation made the normal triple test cross estimates significantly larger than the genetical variation between F (F13) family means (tables 8 and 9). In no case is the estimate from the sells significantly larger than the latter although for FT it is just significantly smaller.
For every character the estimate of H from the normal triple test cross families is significantly smaller and has as expected a smaller error variance than the estimate from their selfs (tables 8 and 9). This is presumably because of the presence of i type interactions for which we have unambiguous evidence for all except FH (tables 4 and 6).
CoNcLusioNs
For the additive genetic variance D the estimate from the sells is almost as good as from the normal triple test cross families. In the circumstances encountered in the rustica data the estimate from the sells is the better predictor of the genetical variation among F33 families.
For the dominance variance H the estimate from the selfs is much poorer and in the J'1. rustica data it is much more biased by the presence of epistasis.
In general the selfs also provide a less sensitive test for epistasis. Where, however, we are analysing an F population (as in the N. rustica data) with the additional test for epistasis involving the F family means (Pt) this loss of sensitivity is much reduced. In the N. rustica data the corresponding tests and estimates from the normal families and from their selfs were based on the same number of plants in order to make them directly comparable. In practice, however, one would substitute selfs for the normal families only if by so doing more seed would be readily produced and hence larger families and more replications could be raised for each cross. If this were not so the extra time and effort required to produce the selfs would never be justified. In practice, therefore, the loss of information about the dominance component H and the loss of sensitivity of the test for epistasis that result from the use of selfs will be partly or wholely restored by the greater replication they make possible. This, however, will not overcome the greater bias on the estimate of H in the presence of epistasis or restore the reliability of H to that of D since these are irrevocably determined by the relative coefficients of the additive, dominance and epistatic components in the expectations.
Where, as in N. rustica, cross and self-pollinations are equally productive both normal triple test cross families and their selfs can be raised simultaneously and their analyses combined. This can throw additional light on the nature of the epistatic contributions and the biases they lead to, but in general, and particularly in the absence of epistasis, the additional time and effort required to produce selfs is not going to be compensated for by additional information.
